heterozygous locus is called eSNP or eVariant, and the gene that displays expression variation is called eGene [3] [4] [5] [6] [7] . 48
Both aseQTL and eQTL mappings require high computational capacities to test association between any eSNP and 49 any eGene genome-wide. To reduce the computing time and space, we propose to take into account the 50 transcriptional regulatory structures that confine the scope of chromosomal interactions, and only test cis-51 association between eSNPs and eGenes under the same transcriptional control. 52
Topological association domain (TAD) is a type of regulatory structure that has never been described in the bovine 53 genome. Topological association domains (TADs) are empirically defined from Hi-C or other chromatin conformation 54 data [8] [9] [10] [11] [12] [13] . TADs partition the genome by contact frequencies, where chromosomal regions within the same domain 55 self-interact much more frequently than between domains. TADs are highly conserved between cell types and 56 species [8, [14] [15] [16] , and the disruptions of TADs were found to cause disease-related gene expression by exposing 57 genes to inappropriate regulatory elements [13, 17, 18] . A TAD boundary is defined as genomic interval, no larger 58 than 400 Kb, between adjacent TADs where self-interactions decrease [14] . The TAD boundaries were found to be 59 enriched for housekeeping genes, transfer RNA (tRNA) genes, tri-methylation of lysine 4 on histone H3 (H3K4me3) 60 signals, short interspersed nuclear elements (SINEs), DNase hypersensitive sites, and CTCF binding sequences [9, 14, 61 19, 20] . 62
The CCCTC-binding factor (CTCF) is an 11 zinc-finger protein that mediates transcriptional regulation. CTCF can bind 63 to evolutionarily conserved DNA sequences to prevent inappropriate enhancer-promoter interactions, and these 64 conserved CTCF binding sequences were found to be enriched at TAD boundaries [14, 21] . CTCF can also bind to 65 evolutionarily non-conserved DNA sequences to facilitate unique enhancer-promoter interactions at various steps of 66 the transcriptional process, and these diverse CTCF binding sequences are distributed within TADs [14, 22, 23] . The 67 CTCF protein has a highly conserved amino acid sequence that is 93% identical from avian to human, and its 68 functional diversities are achieved through different combinations of zinc finger domains binding to DNA sequences 69 [24] . These DNA sequences have distinctive patterns, called CTCF binding motifs, and some of them are highly 70 conserved across 180 million years of evolution [25] . Similar to TADs, mutations at CTCF binding motifs are 71 commonly deleterious [26] . 72
In this study, we aimed to assist in reducing the search space for causative regulatory variants by identifying TADs 73 and CTCF binding motifs in the bovine genome. We mapped our bovine TADs and CTCF binding motifs based on 74 homology with humans, mice, dogs and macaques. Our bovine TADs and CTCF binding motifs were highly enriched 75 for well-known biological hallmarks. We subsequently showed that our new bovine TADs and CTCF binding motifs 76 could predict runs of genes that were reported by Chamberlain et al. (2015) [27] as favouring the same parental 77 allele. Finally, we showed that aseQTLs and eQTLs, which were identified from mRNA transcripts from 141 lactating 78 cows' white blood and milk cells [28] , were enriched at putative CTCF binding motifs, and were located in the same 79 TAD as their eGene target more often than expected. This finding, where mRNA expression profiles across multiple 80 lactating cows' tissues and cells were confined within TADs and CTCF binding motifs, indicated that our putative 81 TADs and CTCF binding motifs could be used to reduce the search space for causative regulatory variants in the 82 bovine genome. 83
Results

84
Mapping mammalian topological association domains to the bovine genome 85 We have directly mapped large genomic segments, the topological association domains (TADs), to the bovine 86 genome, and tracked the changes in each step of the mapping. We found that when genomic conversion was to an 87 updated version of reference assembly of the same species (hg18 to hg19), the query TADs recovered well in the 88 target genome (S1 Table) . Over 89% of query TADs mapped uniquely to a single location in the target reference 89 assembly without splitting within (intra-chromosomal) or across (inter-chromosomal) chromosomes. The query and 90 target TADs not only had similar widths, but also had little variation in genomic positions. When the genomic 91 conversion was to an older reference assembly of the same species (e.g. canfam3 to canfam2), the query TADs 92 recovered less well. Less than 10% of query TADs mapped uniquely to a single location in the target genome, 93 although over 76% were intra-chromosomal splits. When genomic conversion was across species (hg19 to bostau6, 94 mm9 to bostau6, mm10 to bostau7 and canfam2 to bostau6), over 98% of query TADs split and over 87% were inter-95 chromosomal splits. In the most extreme case, a query TAD was broken down into 157,709 locations across multiple 96 target chromosomes. No input TADs aligned to chromosome Y or mitochondrial chromosome, but there were TAD 97 fragments that aligned to the bovine mitochondrial chromosome across all cohorts of input TAD sets. Overall, the 98 TADs from human and dog mapped better to the bovine genome than those from mouse, likely due to a closer 99 evolutionary distance among human, dog and bovine than between mouse and bovine. 100
The mapping of large genomic segments inevitably created a large number of genomic fragments. We mended TAD 101 fragments via a recovery, a filtering and a local refinement procedure. Our method resulted in putative bovine TADs 102 that resembled the respective input TADs in the following aspects: firstly, similar number of TADs were found in the 103 bovine genome as the respective input TADs (Table 1) ; secondly, no putative bovine TADs aligned to chromosome Y 104 or mitochondrial chromosome (S1 Table) ; thirdly, TAD widths were comparable between bovine and the source 105 TADs (Fig 1) ; finally, the majority of input TADs were mapped to the bovine genome (79.63-98.88%), and 65.55-106 89.03% of those mapped uniquely to a single genomic location without any intra-chromosomal or inter-107 chromosomal splits (Table 1) . 108 Table 1 and Fig 1 here  109 Scanning for putative bovine liver CTCF binding motifs 110 Chromatin immunoprecipitation with sequencing (ChIP-Seq) is an assay that identifies where a protein and DNA 111 interact in the sample. We downloaded a total of 184,492 CTCF ChIP-Seq data, which ranged from 42 bp to 1,716 bp 112 from the liver tissue of human, mouse, dog and macaque (Table 2) . We found a total of 82 clusters of motif profiles 113 within all those CTCF ChIP-Seq data. Of those, 4 clusters that were validated in the JASPAR, UniProt or HOCOMOCO 114 databases (S1 Appendix) were widely reported in literature [16, [24] [25] [26] [29] [30] [31] . All 82 clusters of motifs were scanned 115 across bovine chromosome 1 to X, and a total of 3,770,311 putative bovine CTCF binding motifs were found (P-value 116 ≤ 10 −5 ; S1 Appendix). Note that if there were 2 motifs on the same genomic region but were respectively on the 117 forward and reserve DNA strands, they were counted as 2 motifs. The putative bovine CTCF binding motifs were 118 short (7-29bp) and tended to group into clusters distributing sparsely across the entire bovine genome. Less than 119 14% putative bovine CTCF binding motifs overlapped with another putative bovine CTCF binding motif. We defined a 120 more restrictive set of CTCF binding motifs as the putative bovine CTCF binding motifs whose motif score was no less 121 than 80, motif P-value was no larger than 10 −8 , and any overlapping regions on the same DNA strand were merged. 122
We found 78,524 more restrictive CTCF binding motifs on the bovine genome. We defined CTCF gaps as the genomic 123 intervals between the more restrictive CTCF binding motifs. There were 45,809 CTCF gaps ranging from 1 bp to 124 1,503,697 bp. 125 Table 2 here 126 Table A ). We found that putative bovine CTCF binding motifs (P-value ≤ 10 −5 ), bovine liver 129
Enrichment of biological hallmarks at TAD boundaries
H3K27ac and H3K4me3 regions, bovine SINE and tRNA genes were all highly enriched in all sets of bovine putative 130 TADs. House-keeping genes were highly enriched in all sets of bovine putative TADs but less so in putative bovine 131 TAD set mapped from mouse liver. Bovine H3K4me3 regions from tender and tough muscle tissues were highly 132 enriched in all sets of bovine putative TADs but less so in putative bovine TAD sets mapped from mouse cortex and 133 liver. Putative bovine enhancers in homology with VISTA, FANTOM5 and dbSUPER datasets were not enriched in all 134 sets of TAD boundaries. The same permutation test was repeated but excluding 'knots', which meant that we 135 assumed there were no TAD boundaries if the end position of the previous TAD was the same as the start position of 136 the following. We found a very similar enrichment profile as those including knots (S2 Table A ). The same 137 permutation test was also repeated using the more restrictive set of CTCF binding motifs (motif score ≥ 80 and motif 138 P-value ≤ 10 −8 ), but we did not see significant enrichment of the more restrictive set of CTCF binding motifs at TAD 139 boundaries across all TAD sets except those mapped from the mouse liver TAD set (S2 Table A ). 140
Fig 2 here 141
A total of 108 types of CTCF binding motifs were found in the bovine genome (S1 Appendix). To examine which CTCF 142 binding motifs were enriched at TAD boundaries, we repeated the same enrichment analysis for each motif pattern 143 (S2 Table B ). We found that the four motif patterns that were validated in public databases were all highly enriched 144 at all sets of putative bovine TAD boundaries (S1 Appendix; S2 Table) . Some putative bovine CTCF binding motifs, 145 even though were not validated by public transcriptional factor binding motifs databases, were highly enriched at all 146 sets of TAD boundaries (e.g. motif number 15 and 77 in S2 Table B ). Some putative bovine CTCF binding motifs were 147 only enriched at putative bovine TAD boundaries mapped from cell lines but were not as enriched at putative bovine 148 TAD boundaries mapped from tissues (e.g. motif number 6 and 11 in S2 Table B ). A large number of motifs from the 149 less restrictive set of putative bovine CTCF binding motifs (P-value ≤ 10 −5 ) were absent in the more restrictive set of 150 putative bovine CTCF binding motifs (motif score ≥ 80 and motif P-value ≤ 10 −8 ), but only a few of those were 151 enriched at TAD boundaries (e.g. motif number 52 and 77 in S2 Table B ), and the majority were not enriched. 152
Testing allele-specific expression within regulatory units 153 Runs of genes were found to favour the same parental allele in 1 lactating cow's 18 tissues [27] . We used analysis of 154 variance (ANOVA) to test whether exons within any regulatory units were significantly biased for expressing from a 155 parental chromosome in a tissue. The regulatory units were respectively defined only by TAD, only by the more 156 restrictive set of CTCF binding motifs, and by both TAD and more restrictive set of CTCF binding motifs in three 157 ANOVA models. Of those 108 cohorts (6 TAD sets × 18 tissues) tested in the TAD only model, we found that on 158 average 14% of allele-specific expression (ASE) variation were explained, with a standard deviation (SD) of 0.056 159 across 107 significant cohorts (P ≤ 10 −8 ). The remaining cohort, putative bovine TAD set from dog liver, did not show 160 significant ASE variation in lung. The putative bovine TADs from the mouse cortex explained the least amount of ASE 161 variation in white skin (3.45%), and those from mouse liver explained the largest amount of ASE variation in white 162 blood cells (28%; Fig 3) . The CTCF only model had 6% less ASE SNPs than the TAD only model had, and explained on 163 average 27% (SD: 0.078) ASE variation across all 18 significant cohorts (1 CTCF gaps × 18 ASE tissues; P ≤ 10 −8 ). The 164 CTCF only model explained ASE variation across 18 tissues in a trend that was similar to the TAD only model, where 165 the least amount of ASE variation explained was in lung (10%) followed by liver (17%), and the largest amount of ASE 166 variation explained was in white blood cells (42%; Fig 3) . The TAD+CTCF model tested around 30% less ASE SNPs than 167 the TAD only model, and explained on average 31% (SD: 0.089) ASE variation across all 108 significant cohorts (6 TAD 168 sets × 18 tissues; P ≤ 10 −8 ). Trend was also similar to the TAD only model and CTCF only model, where the least 169 amount of ASE variation explained was also in lung (on average 11%; SD: 0.012), and the largest amount of ASE 170 variation explained was also in white blood cells (on average 48%; SD: 0.023; Fig 3) . We found little increments, and 171 sometimes even a slight decrease, in variation explained by the TAD+CTCF model in comparison to the CTCF only 172 model, which indicated that the CTCF model encompassed the TAD model, and was better at explaining ASE 173 variation. Our permutation tests declared strong significance for all cohorts in all models tested, meaning that our 174 observation that the confinement of ASE variation within regulatory units was not random. 175 177 We defined significant aseQTLs and eQTLs by the P-value from aseQTL and eQTL mappings respectively [28] . We 178 found across all P-value thresholds tested ranging from 10 −5 to 10 −8 , the significant aseQTLs and eQTLs in white 179 blood and milk cell were highly enriched at putative bovine CTCF binding motifs (P-value ≤ 10 −5 ; Table 3 ) in 180 comparison to the null distribution sampled from the entire bovine genome. The averaged fold change of 181 enrichment for significant aseQTLs in white blood cells was 1.55 fold and in milk cells was 1.49 fold. The averaged 182 fold change of enrichment for significant eQTLs in white blood cell was 1.43 fold and in milk cells was 1.41 fold (Table  183 3). The same permutation test was repeated in the more restrictive set of CTCF binding motifs (motif score ≥ 80 and 184 motif P-value ≤10 −8 ), and significant aseQTLs and eQTLs in white blood and milk cell were also highly enriched 185 across all P-value thresholds tested (Table 3 ; Fig 4) . The fold change of enrichment was higher in the more restrictive 186 set of CTCF binding motifs. On average, the significant aseQTLs in white blood cells were 4.06 fold and in milk cells 187 were 3.74 fold, and the significant eQTLs in white blood cells were 3.23 fold and in milk cells were 4.18 fold more 188 enriched in comparison to the rest of the genome (Table 3 ; Fig 4) . The same method was also used to test the level 189 of enrichment for significant aseQTLs and eQTLs in biological hallmarks including H3K4me3 regions from both bovine 190 liver and muscle tissues, and H3K27ac regions from bovine liver tissue, and bovine genomic regions in homology with 191 VISTA, FANTOM5 and dbSUPER databases, but none of those biological signals were as enriched for significant 192 aseQTLs and eQTLs as the bovine putative CTCF binding motifs did across all P-value thresholds tested (S3 Table) . 193 Table 3 
Enrichment of significant aseQTLs and eQTLs within putative bovine CTCF binding motifs
and Fig 4 here 194
Testing frequency of the most significant aseQTL or eQTL within the same TAD as eGene target 195 We required the most significant aseQTL and eQTL for each eGene to pass a P-value threshold, which was tested 196 from 10 −5 to 10 −8 . When multiple aseQTLs or eQTLs were ranked the highest significance towards the same eGene, 197
we selected linearly the furthermost aseQTL and eQTL for each eGene in order to avoid bias favouring the aseQTL 198 and eQTL in a linearly closer distance to the eGene. Across all P-value thresholds tested and in both white blood and 199 milk cell samples, the observed numbers of furthermost, and most-significant, aseQTLs and eQTLs within the same 200 TAD as their eGene were all significantly more than expected, with the Chi-Squared test P-values all close to 0 (Table  201 4; S4 Table) . This indicated that our putative bovine TADs could provide the right space to search for cis-regulatory 202 variants and their genic targets. 203 Table 4 here 204
Discussion
205
We have presented a computational method that identifies topological association domains (TADs) based on 206 sequence homology. Our method relies on the conserved nature of TADs, the evolutionary distance between species 207 and the quality of reference genome assemblies. A small proportion (1%-21%) of mammalian TADs were filtered out 208 in the final bovine TAD sets (S1 Table) , because they did not fulfil the size (>200Kb) or consensus (>3 TAD sets 209 agreed) requirement. Input TADs from species evolutionarily closer to bovine were mapped better than those 210 further from bovine (S1 Table) . Input TADs from the latest version of reference assemblies were mapped better than 211 those from older version of reference assemblies of the same species (S1 Table) . Overall, our mapping results agree 212 with observations that TADs are largely invariant in development and evolution [14, 16, 32, 33] . Most input TADs 213 were intact in the bovine genome (Table 1; S1 Table) . Mammalian TADs from different input TAD sets were mapped 214 to similar locations in the bovine genome. Our bovine TADs also displayed key features of mammalian TADs from Hi-215 C data (Fig 1; Fig 2; S1 Table) , indicating that our TADs were a good proxy for the actual TADs in the bovine genome. 216
We have also created a library of putative bovine CTCF binding motifs from mammalian CTCF ChIP-Seq data, due to 217 the absence of bovine CTCF binding sequences. Only a small proportion of putative bovine CTCF binding motifs was 218 previously reported, and was validated by transcription factor binding motifs that were made available to public 219 databases (S1 Appendix). The validated CTCF binding motifs tended to be highly conserved and were highly enriched 220 at all sets of TAD boundaries (S2 Table) . However, our putative bovine CTCF binding motifs were validated by 221 different databases but not all, and some non-validated CTCF binding motifs were also enriched at all sets of putative 222 bovine TAD boundaries. These indicate that the current CTCF binding motifs in public databases were incomplete, 223 and different public motif databases complement each other. If more known motifs were supplied for validation, 224 more putative bovine CTCF binding motifs could be validated. 225
To compensate the incomplete validation from motif databases, we compared results from two sets of putative 226 bovine CTCF binding motifs that were differed by P-value stringencies. The less restrictive set of putative bovine 227 CTCF binding motifs (motif P-value ≤ 10 −5 ) were more enriched at TAD boundaries than the more restrictive set 228 (motif score ≥ 80 and motif P-value ≤ 10 −8 ; S2 Table) . One explanation for this observation is that the more 229 restrictive set of putative bovine CTCF binding motifs were too sparsely distributed across the bovine genome and 230 therefore failed an enrichment analysis. We observed where the more restrictive set of CTCF binding motifs were 231 found, similar motif patterns were also found in the less conserved set (S2 Table) . This implies the same genomic 232 locations tagged. 233
TADs are defined from Hi-C data which snapshots chromosomal regions in close proximities without specifying any 234 target loci [8, 10] . Contact maps similar to TAD can also be constructed from chromatin interaction analysis by pair-235 end tag sequencing (ChIA-PET), which snapshots chromosomal regions in close proximities mediated by a specific 236 factor [34]. Interestingly, chromosomal contact domains identified by CTCF ChIA-PET data were found to be highly 237 assembled to the TADs identified from Hi-C data [35] . This inspires us to investigate whether putative bovine TADs 238 and CTCF binding motifs could confine bovine-specific regulatory signals, and which is more accurate at defining the 239 regulatory signal. We found both TADs and CTCF binding motifs could predict ASE variation across 18 bovine tissues, 240 and CTCF binding motifs were better at predicting ASE variation than TADs. This finding aligned with previous 241 research from Tang et al. [35] who showed that CTCF was responsible for mediating the sub-domain structures 242 within TAD. 243
To illustrate this, we showed a region on bovine chromosome 3 spanning from position 54 million to position 55.2 244 million (S1 Figure A) . This region was predicted to have frequent internal interactions by all our bovine TAD sets that 245 were mapped from Dixon et al. [14] . There were also several CTCF binding motifs found within this region. The 246 genomic regions that were defined only by TAD, only by the more restrictive CTCF binding motifs, and by both TAD 247 and more restrictive CTCF binding motifs all showed significant ASE effects. Inside this 1Mb region, gene GBP5 248 (ENSBTAG00000015060), ENSBTAG00000017670 and ENSBTAG00000038938 were reported by Chamberlain et al. 249 [27] as maternally expressed in white blood cells, and gene ENSBTAG00000014857, ENSBTAG00000037490 and 250 ENSBTAG00000038500 appeared to be slightly paternally biased. A cluster of ASE SNPs inside gene GBP5, 251 ENSBTAG00000017670 and ENSBTAG00000038938 was significantly maternal-biased. As a result, both our TAD only 252 and CTCF only ANOVA models found this region maternally biased (for this animal at least). Interestingly, gene GBP5, 253 ENSBTAG00000017670 and ENSBTAG00000038938 were also located between several CTCF binding motifs. As a 254 result, our TAD+CTCF model found that the CTCF gap maternally biased, and the remaining regions outside CTCF 255 gaps but inside TAD appeared to be paternally biased (S1 Figure) . Two other examples of runs of genes which were 256 better predicted by CTCF than by TAD are in provided in S1 Figure B and C. 257
One explanation why CTCF is better than TAD at predicting ASE regions is that the CTCF binding motifs are within (or 258 close to) the true CTCF binding sequence near the gene that shows significant ASE effect. Since the nucleotide 259 compositions are different between the CTCF binding sequences on parental chromosomes, the CTCF protein 260 preferably binds to one chromosome which resulted in the gene nearby differentially expressed between the 261 parental chromosomes [15, 35] . To test this hypothesis, we examined whether significant aseQTLs and eQTLs were 262 enriched at putative bovine CTCF binding motifs. We found the significant aseQTLs from both bovine white blood 263 and milk cell samples highly enriched at putative bovine CTCF binding motifs, and the significant eQTLs were also 264 highly enriched, though to a less extent than aseQTLs (Table 3 ; Fig 4) . Our results aligned with previous findings from 265 Maurano et al. [36] , who reported that the variants associated with allelic-imbalanced expression were strikingly 266 concentrated at key positions within CTCF binding motifs, with the higher accessibility allele qualitatively matching 267 the consensus sequence. Our results are also consistent with those from Gómez-Díaz et al. [37] , who reported that 268 the CTCF protein mediated mono-allelic expression in neuronal differentiation. 269
Regulatory units are used as a scaffold for testing long-range association or supporting molecular QTLs discovered in 270 humans [35, 38] . To assess whether our predicted bovine TADs have the potential to restrictive hypothesis testing to 271 sites of physical proximity, we examined whether the most significant aseQTL or eQTL for each eGene was more 272 often located in the same TAD as the eGene than not. Our result showed that the furthermost and most-significant 273 white blood and milk cells aseQTL and eQTL were both more likely to be within the same TAD as the eGene than not 274 (Table 4; S4 Table) . This indicates that our results could be very useful for reducing the search space for causative to liftOver, but were absent for the conversion of some versions of reference genome assemblies. In those cases, an 307 intermediate genome was used to convert the source TADs to bostau6. As a result, the hESC and IMR90 TADs were 308 mapped from hg18 to bostau6 in two steps through an hg19 intermediate. The mESC and mouse cortex TADs were 309 mapped directly to bostau6. The mouse liver TADs were mapped from mm10 to bostau6 through bostau7 (NCBI ID: 310 Btau4.6.1.). The dog liver TADs were mapped to bostau6 from canfam3 through canfam2. 311
Converting large genomic segments inevitably created a large number of genomic fragments. We employed a 312 recovery procedure, a filtering procedure, and a local refinement procedure to finalise the putative bovine TADs. 313
Throughout this study, we specified "input" as the data that was input to the first step of the genomic conversion, 314 "query" as the data that was input to each step of the genomic conversion, and "target" as the output from each 315 step of the genomic conversion. The recovery procedure was employed in each step of the genomic conversion as 316
follows: 317
For each input TAD set, was denoted as the minimum width of input TADs. 318
(1) If TAD fragments from the same query sequence were no more than away from each other in the target 319 genome, the TAD fragments were merged into a single TAD in the target genome. 320
(2) If TAD fragments from different query sequences overlapped in the target genome, the TAD fragments were 321 kept as separated fragments in the target genome 322
The mapping in combination with the recovery procedure resulted in 6 sets of putative bovine TADs (stage 1) from 323 the 6 sets of input TADs respectively. A filtering procedure was then applied to the putative bovine TADs (stage 1) as 324 follows: 325
(1) For each genomic position in the bovine genome, the number of TAD sets that agreed was in a TAD was 326 calculated and denoted as . 327
(2) If a putative bovine TAD (stage 1) was no less than 200 Kb wide, and contained at least one position where 328 was no less than 4, this TAD (stage 1) was kept in the TAD set (stage 2). The 200-Kb threshold was selected 329 because it was able to effectively filter out the small homological genomic fragments which were incapable 330 of forming a TAD in the bovine genome. 331
The filtering procedure resulted in 6 sets of putative bovine TADs (stage 2) from the 6 sets of putative bovine TADs 332 (stage 1) respectively. A local refinement procedure was then applied to merge any putative bovine TADs (stage 2) 333 that overlapped more than 1 bp. The 1 bp threshold (exclusively) was used, because TADs were calculated from 334 frequencies of interactions between genomic bins [14, 16] . This resulted in the end genomic coordinates for some 335 TADs being the same as the start genomic coordinates for their downstream TAD. These 'TAD1.TAD2' structures are 336 maintained in bovine genome, and need to be kept in the final bovine TAD set. However, due to genomic re-337 arrangements, some source TADs from the same TAD set can be mapped to the same location in the bovine genome. 338
Each of these TAD fragments is >200 Kb genomic regions with high frequency of internal interactions. They overlap 339 each other to a great extent in the bovine genome, indicating that they could form into a larger interaction domain, 340 and therefore were merged into one TAD in the bovine genome. The local refinement procedure resulted in 6 sets of 341 putative bovine TADs (final) from the 6 sets of putative bovine TADs (stage 2) respectively. 342 factor binding motifs that were published to these databases were used to validate our CTCF binding motifs from 356
Scanning for putative bovine liver CTCF binding motifs
MEME-ChIP. 357
Since only the more restrictive set of CTCF binding motifs are reported to transcription factor binding motifs 358 databases, and an increasing number of motifs are discovered as more CTCF ChIP-Seq data are made available, all 359 motifs from MEME-ChIP were input to FIMO [51] (default settings) to scan for putative CTCF binding motifs in the 360 bovine genome. We created two sets of putative bovine CTCF binding motifs from FIMO outputs which were differed 361 by P-value stringencies. Set 1 was a less restrictive set of putative bovine CTCF binding motifs was selected by motif 362 P-value no larger than 10 −5 . Set 2 was a more restrictive set of putative bovine CTCF binding motifs was selected by 363 motif score no less than 80 and motif P-value no larger than 10 −8 and where overlapping regions were merged. Both 364 sets of putative bovine CTCF binding motifs were used for all the analyses below unless otherwise noted. 365 permutation test with 10,000 random repeats to test whether the biological signal overlapped significantly more 383 with the putative bovine TAD boundaries than the rest of the genome. We denoted as the number base pairs of a 384 biological signal that overlapped with the putative bovine TAD boundaries in the original dataset. 385
Enrichment of biological hallmarks at topological association domain boundaries
In the permutation test, for each chromosome, we slid the TAD boundaries along the chromosome by positions, 386
where was a number randomly selected between 1 and the length of the chromosome. After sliding, if a TAD 387 boundary exceeded the range of the chromosome, we recycled the exceeding subset of the TAD boundaries to the 388 start of the chromosome. Then we counted the number of base pairs of a biological signal overlapped with the slid 389 putative bovine TAD boundaries and denoted this number as . The fold change of enrichment was defined as the 390 ratio of to the mean of all values in the 10,000 permutations. The ranking position of within the distribution of 391 all values over all random samples, denoted as , was determined, and a P-value to test the significance of the 392 ranking was computed. For the largest among all values, the P-value was set to < 0.0001 and otherwise it was 393 10001 . We declared a biological signal "highly enriched" in a set of putative bovine TAD boundaries if was larger 394 than 95% of all values. Our permutation tests resulted in 66 independent analyses (6 sets of finalised putative 395 bovine TADs × 11 biological signals). 396 The data was the number of mRNA transcripts aligned to each parental allele at all heterozygous exonic positions. 399
Testing allele-specific expression within regulatory units
An allele-specific expression (ASE) score was defined as: 400
where was a heterozygous SNP in the exon; was the ASE score from a tissue; was the number of RNA sequence 401 reads from a tissue aligning to position that had the paternal allele; and was the number of RNA sequence reads 402 from a tissue aligning to position that had the maternal allele. One was added to all read counts in each tissue in 403 order to obtain valid ASE scores even for the mono-allelic expressed SNPs, i.e. where only one of the two alleles 404 were expressed. 405
To examine whether any regulatory units encompassed runs of allele-specifically expressed genes that were 406 observed by Chamberlain et al. [27] , three independent analyses of variance (ANOVA) models were used. The ASE 407 scores in a tissue were fitted as the response in all three ANOVA models, but the regulatory units in each model 408 were different: 409  Model (1) was a TAD only model that defined a regulatory unit only by the putative bovine TADs from a TAD 410 set. 411  Model (2) was a CTCF only model that defined a regulatory unit only by the CTCF gaps, which were the 412 genomic intervals between the set 2 CTCF binding motifs (motif score ≥ 80 and motif P-value ≤ 10 −8 ). 413  Model (3) was a TAD+CTCF model that defined a regulatory unit by both TAD and CTCF gaps. The CTCF gaps 414 were embedded within the putative bovine TADs from a TAD set. Model (3) tested TAD or CTCF gaps 415 accounted for more variation observed in the ASE data. 416
In each ANOVA model, all innermost genomic regions were required to contain no less than 5 SNPs that had valid 417 ASE scores. Majority of the valid ASE SNPs (>94% in TAD only model, >82% in CTCF only model, and >73% in 418 TAD+CTCF model) were distributed among different genes within the same regulatory unit. If runs of genes within 419 the same regulatory unit did not show any ASE, the mean ASE score of all SNPs within the regulatory unit would be 420 around 0. Alternatively, a paternally-biased regulatory unit would have a mean ASE score larger than 0, and a 421 maternally-biased regulatory unit would have a mean ASE score smaller than 0. There were 72 independent ANOVA 422 tests performed in model (1) which were from the combination of 6 sets of finalised putative bovine TADs and 18 423 bovine tissues, 18 independent ANOVA tests performed in model (2) from the combination of 1 set of CTCF gaps and 424 18 tissues, and 72 independent ANOVA tests in model (3) from the combination of 6 sets of finalised putative bovine 425
TADs and 18 tissues. The significance of an ANOVA test was declared at P-value ≤ 10 −8 . 426
The permutation tests, with 10,000 repeats, were performed to test whether the observed ANOVA result in each 427 model was random. In each permutation test, the ASE scores were shuffled across the whole genome and then the 428 model was refitted with the permuted dataset. The R-squared value from the original dataset, , was compared with 429 the 10,000 null R-squared values from the random shuffles, ′. A significant ANOVA cohort was declared if was 430 larger than all ′ values. In a significant ANOVA test, a regulatory unit was declared to display significant ASE effects 431 if the absolute value of the averaged ASE scores in the region, | |, was larger than 99% of the absolute value of the 432 averaged ASE scores in the permutations | |, i.e. false discovery rate (FDR) < 0.01, and the p-value for was no 433 larger than 10 −6 . There were 72 independent permutation tests performed in model (1), 18 permutation tests 434 performed in model (2) and 72 permutation tests performed in model (3). 435
Enrichment of significant aseQTLs and eQTLs within putative bovine CTCF binding motifs 436
The heterozygous quantitative trait loci (QTLs) that were associated with allelic-specific expression (aseQTLs) and 437 expression variation (eQTLs), were obtained from Chamberlain et al. [28] . The aseQTL and eQTL mappings were 438 performed using mRNA transcripts from 141 lactating cows' white blood and milk cells. The aseQTL and eQTL data 439 was a table of effect and P-value between an aseQTL/eQTL and its eGene target. The RNA sequence data is available 440 from NCBI Sequence Read Archive (Bioproject accession PRJNA305942). 441
We hypothesized that significant cis-expressed QTLs were enriched at putative bovine CTCF binding motifs. We 442 tested this hypothesis using aseQTLs and eQTLs from white blood and milk cells, both of which indicate cis-443 expression QTLs. The significant cis-QTLs were defined by a P-value threshold , which was tested at 10 −5 to 10 −8 . 444
In each significant threshold, we selected a type of cis-QTLs (e.g. aseQTLs from white blood cells) whose P-value was 445 no larger than . In the case where multiple eGene were found to be significantly associated with the same cis-QTL, 446 the cis-QTL was only counted once. Then we calculated the number of significant cis-QTLs within putative bovine 447 CTCF binding motifs, and denoted this number as . 448
To test the frequency of significant cis-QTLs occurring in the rest of the genome, for each chromosome, we slid the 449 significant cis-QTLs by positions, where was a number randomly selected between 1 and the length of the 450 chromosome. After sliding, if the position of a cis-QTL exceeded the range of the chromosome, we redefined the 451 position of the cis-QTL as the slid position subtracting the chromosome length. We denoted as the number of 452 those slid cis-QTLs within putative bovine CTCF binding motifs. The slide and recalculation were repeated 10,000 453 times. The fold change of enrichment was defined as the ratio of to the mean of all values from the 10,000 454 permutations. The ranking position of within the distribution of all values, denoted as , was determined, and a 455 P-value to test the significance of the ranking was computed. For the largest among all values, the P-value was 456 set to < 0.0001 and otherwise it was 10001 . We declared significant cis-QTLs highly enriched at putative bovine CTCF 457 binding motifs if was larger than 99% of all values (FDR < 0.01). Our tests resulted in 32 independent analyses (2 458 types of cis-QTLs × 2 cell types × 4 significant thresholds × 2 sets of CTCF binding motifs). 459
Testing frequency of the most significant aseQTL or eQTL within the same TAD as eGene 460 We hypothesized that the most significant cis-expressed QTLs for each eGene fell more often within the same TAD as 461 the eGene than not. We tested this hypothesis using aseQTLs and eQTLs, both of which indicate cis-expression QTLs. 462
Our cis-QTLs were detected using mRNA transcripts from 141 lactating cows' white blood and milk cells [28] . We 463 selected the most-significant cis-QTL for each eGene within a TAD. The most-significant cis-QTL for each eGene was 464 required to pass a significance threshold which was tested from 10 −5 to 10 −8 . In the case where multiple cis-QTLs 465 were ranked with the most significance level towards the same eGene, we broke the tie by selecting the cis-QTL that 466 was linearly the furthest away from the eGene. The linearly furthermost cis-QTL was chosen in order to avoid bias 467 favouring the most significant cis-QTL to be within the same TAD as eGene. The result of this procedure was a 468 number of cis-QTL and eGene targets, which occurred in the same TAD out of all possible pairs. The expected 469 number of significant cis-QTL and eGene within the same TAD was defined as follows: 470
where is the expected number of significant cis-QTL and eGene within the same TAD, is the total number of 471 significant eGenes in a TAD that pass the significant threshold , and ̅ is across chromosome 1 to 29 the maximum 472 number of eSNPs in a chromosome that were used for an aseQTL or eQTL mapping. 473
A chi-square test was performed to test whether the observed number of furthermost and most-significant cis-QTL 474 and eGene within the same TAD was statistically significant or not. The chi-square test was defined as follows: 475
where 2 is the chi-squared value, is defined as above, and is the observed number of significant cis-QTL and 476 eGene within the same TAD. A significant chi-squared test was defined as a corresponding chi-square test P-value < 477 0.001. There were 96 independent chi-squared tests (2 types of cis-QTLs × 2 cell types × 4 significant thresholds × 6 478 sets of finalised putative bovine TADs). 479 were also within a CTCF gap, but because our ANOVA model required the CTCF gap to contain at least 5 valid ASE 527 SNPs, the CTCF gap that encompassed gene ENSBTAG00000037490 and ENSBTAG00000038500 were excluded from 528 TAD+CTCF ANOVA model. (B) A region in chromosome 2 is mapped as bovine TAD from mouse embryonic stem cells, 529 and the ASE scores are from brain caudal lobe. (C) A region from chromosome 23 is mapped as bovine TAD from 530 mouse liver, and the ASE scores are from spleen 531 S1 Table   532 Summary of genomic conversion of mammalian TADs to the bovine genome. This table summarises results of 533 converting mammalian TAD coordinates to the bovine genome in each step. Query: the input to liftOver in every 534 step of genomic conversion. Target: the output in every step of genomic conversion. NA: not applicable. Gap: the 535 genomic interval that are not marked as TAD in the data. 536 has a unique motif number defined by the MEME-ChIP output. Each best possible match motif is manually compared 544 with the MEME-ChIP to access whether the matched motif is previously reported. 545 S3 Table   546 Enrichment of significant aseQTLs and eQTLs within bovine biological signals 547 S4 Table   548 eGenes are often located within the same TAD as their furthermost and most-significant aseQTL/eQTL 549 Tables 675 Table 1 For each hallmark biological signal (columns) and each putative bovine TAD set (rows), these frequency histograms 695
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show the number of overlapping base pairs between the signal and the TAD boundaries. The frequencies were 696 rounded to the nearest 10 thousands, and the bin width was 1. The 10,000 random permutations are in colour and 697 the actual number is the black vertical line. If a biological signal is enriched at TAD boundaries, the vertical line will 698 be on the right and clearly separated from the histogram. 699 700
Fig 3 R-squared values from significant ANOVA models (P ≤ − ). 701
For each tissue (X-axis) and each regulatory unit defined by TAD, CTCF gaps and TAD+CTCF gaps, these bar plots 702
show the R-squared values of significant (P ≤ 10 −8 ) ANOVA models (Y-axis). Note in the CTCF model, there is no 703 input TAD set involved. For the purpose of a convenient comparison with the other models, the R-squared values in 704 the CTCF model were plotted across all cohorts from the same tissue. 705 706
Fig 4 Enrichment of significant aseQTLs and eQTLs in putative bovine CTCF binding motifs. 707
For each significant threshold (columns) and each aseQTL/eQTL in white blood cells or milk cells (rows), these 708 frequency histogram show the number of significant aseQTLs/eQTLs in putative bovine CTCF binding motifs (motif 709 score ≥ 80 and motif P-values ≤ 10 −8 ). The 10,000 random permutations are in colour and the actual number is the 710 black vertical line. If the actual significant aseQTLs/eQTLs are enriched at putative bovine CTCF binding motifs, the 711 vertical line will be on the right and clearly separated from the histogram. 712
